Trapezoidally corrugated steel webs are composed of a series of flat and inclined subpanels and have been used as the webs of prestressed concrete box girder bridges to reduce superstructure weight and increase the effectiveness of prestressing. Because of accordion effects, the corrugated web resists only the shear stress, and the flanges resist most of the bending stress. The shear stress in the web can cause three different modes of shear buckling: local, global, and interactive (zonal) buckling. Several studies have been performed to determine buckling formulas for each mode. However, there are differences regarding the buckling strength, and some of the formulas are found to overestimate it. The results of a study are presented; a series of experiments was done with large corrugated plates. The specimens were designed to fail by the local, global, or interactive buckling mode in elastic and inelastic states. The effect of geometric parameters on the shear buckling strength was also studied. Nonlinear buckling analysis, which considered both geometric and material nonlinearity, was also performed to verify the test results. The results from this and previous studies are used to propose a shear buckling formula, which can be applied to all three buckling modes.
Trapezoidally corrugated webs are composed of a series of plane and inclined subpanels as indicated in Figure 1 . Corrugated webs have large out-of-plane bending and shear stiffness but no in-plane stiffness because of accordion effects. To take advantage of these characteristics, prestressed concrete box girder bridges with corrugated steel webs were pioneered in France and have been constructed extensively in Japan. Application of the trapezoidally corrugated web has been further extended to extradosed and cable-stayed bridges in Japan. One prestressed concrete box girder bridge with corrugated webs is being constructed in Korea. There are also attempts to apply corrugated webs to plate girder bridges in the United States. The main reason for increased applications of corrugated steel webs in prestressed concrete box girder bridges is the structural efficiency obtained through reduced weight by replacing the concrete web, which accounts for about 30% of the dead load. Another advantage is the increased efficiency of prestressing, which is then totally taken by the concrete flanges.
When the corrugated web is used, it carries only shear forces and the flanges carry the moment due to the accordion effects. Shear stresses can cause failure of the web by shear buckling or yielding.
Depending on the geometric characteristics of corrugated plates, three different shear buckling modes-local, global, and interactiveare possible as indicated in Figure 2 . Local buckling represents buckling of a subpanel, whereas global buckling means buckling of the whole web. Interactive buckling occurs due to interaction of local and global buckling and involves a few subpanels. Corrugation shapes and height of the web typically dictate the governing failure mode.
Various researchers have carried out numerous theoretical and experimental studies to define the buckling characteristics and strength of corrugated webs (1) (2) (3) (4) (5) (6) (7) . On the basis of these studies, different buckling formulas are provided and used for the design and construction of bridges with corrugated webs. However, the comparison of proposed buckling formulas shows discrepancies between them, and it is even suggested that some of the existing formulas unconservatively predict the buckling strength. This paper reports the outcomes of experimental and analytical studies, which were carried out to better define the buckling strength of corrugated steel webs.
BUCKLING MODES AND FORMULAS

Buckling Modes
Global buckling is characterized by formation of diagonal buckles through the entire web like a flat plate web. To derive the buckling formula, the corrugated web is treated as an orthotropic plate supported by the flanges. Easley 
68.4 as the buckling coefficient for corrugated webs with clamped edges and 36.0 for simply supported corrugated webs. The buckling coefficient of webs with clamped edges is about 1.9 times greater than that for simply supported webs. In France, the buckling coefficients are defined as 36.0 and 60.4 for simply supported webs and webs with clamped edges, respectively (3). Elgaaly et al. (4) suggested 31.6 and 59.2 for simply supported and clamped boundaries, respectively.
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Transportation Research Record CD 11-S Local buckling represents buckling of individual subpanels as indicated in Figure 2 . To derive a local buckling formula, the corrugated web is treated as a series of flat rectangular subpanels supporting each other along their vertical edges. The shear buckling stress of a subpanel, τ cr,L , is determined by the Timoshenko equation where k L is the local buckling coefficient of the subpanel. The buckling coefficient depends on the aspect ratio and boundary conditions of the subpanel. Vertical edges of the subpanel typically are considered as the simple supports on the assumption that panel-panel joints have enough rigidity. The short edges, or flange-web junctures, are considered as either simply supported or clamped edges depending on the rigidity of the flanges. Other geometric variables of the corrugated plate theoretically have no effect on the local buckling strength. However, according to the parametric study on the elastic buckling of corrugated plates (9) , corrugated plates could not obtain the desired local buckling strength if the corrugation depth-tothickness ratio, d/t w , was ≤10. It was also found that the corrugation depth-to-thickness ratios of panels on actual bridges constructed so far were generally >10. Interactive buckling, sometimes called zonal buckling, is attributed to the interaction between global and local buckling and typically controls the buckling strength when local and global buckling stresses are close. Some researchers have proposed that interactive buckling occurs when the web height-to-thickness ratio, h/t w , is in a certain range (5) . On the basis of experimental and analytical studies, different interactive buckling formulas have been proposed with local and global buckling stresses.
Comparison of Design Formulas for Shear Buckling
Several design formulas using Equations 1 and 2 have been suggested and implemented for the construction of bridges. The main difference between design formulas is the value of the buckling coefficients and inelastic shear buckling stresses. Elgaaly et al. (4) performed extensive analytical and experimental work on the buckling behavior of corrugated web plates. The local buckling stress was suggested as the average of two shear buckling stresses: τ ssf and τ fx ⅐ τ ssf are calculated assuming that the subpanel is simply supported along the longer edges and clamped along the shorter edges. τ fx is the buckling stress of the subpanel with clamped supports along all four edges. The global buckling coefficient was proposed as 59 on the basis of experimental results. Interactive buckling was not addressed in their work. Local buckling controls when local buckling stress is lower than global stress, and vice versa. When elastic local and global buckling stresses are greater than 80% of the shear yield stress (τ y ), the following inelastic buckling stress is used:
where τ cr,inel is the inelastic shear buckling stress and τ cr,el is the elastic global or local buckling stress.
When the prestressed concrete box girder bridges with corrugated steel webs were designed in France (3), the local buckling stress was taken as the smaller of the following two local buckling stresses:
The latter stress is adopted from Eurocode 3, which considers the effects of geometric imperfections and residual stresses and generally is smaller than the former value. The global buckling stress was calculated by using k G = 60.4 because the concrete flanges were considered to be stiff enough. The interactive buckling stress, τ cr,I , was calculated from the following equation:
The global and interactive buckling stresses were multiplied by 0.5 and 0.67, respectively, to account for imperfections and residual stresses. In the design, four buckling stresses as well as the shear yield stress were calculated and compared.
To construct a number of bridges with corrugated webs, substantial analytical and experimental work (5, 7 ) has been carried out in Japan, and the Planning Manual for Prestressed Concrete Bridge with Corrugated Steel Web (10) (Planning Manual) was proposed.
According to the Planning Manual (10), the local buckling stress is calculated assuming simply supported boundaries. The global buckling stress varies depending on the connection details of the webflange junctures. If the web is directly embedded in concrete flanges, clamped support conditions are assumed. Simple support conditions are assumed if the web is connected to concrete flanges through the steel flange with shear studs. To account for effects of inelasticity, residual stress, and initial deformation, the following shear buckling formulas are used for both local and global buckling:
where λ s is a nondimensional parameter, The interactive buckling phenomenon has been recognized but the buckling formula to evaluate the interactive buckling stress has not been provided. The Planning Manual recommends dimensioning corrugated webs so that the buckling stresses are not lower than the shear yield stress.
Abbas et al. (6) studied previous test results and showed that the buckling stresses suggested by Elgaaly et al. (4) were unconservative. They proposed the following buckling formula:
is the interaction equation of local and global buckling stresses and is similar to Equation 4. The buckling coefficients for local and global buckling modes are taken as 5.34 and 31.6, respectively. It is suggested that Equation 6 be applied regardless of buckling modes. When the elastic shear buckling stress is greater than 80% of the shear yield stress, Equation 3 is used to account for inelasticity. To show the effectiveness of Equation 6 , the researchers performed full-scale shear buckling tests using plate girders with corrugated web. The proposed buckling formula is similar to the interactive buckling formula given in Equation 4 and generally yields higher buckling stresses than Equation 4.
El-Metwally (11) also suggested a buckling formula considering the interaction of elastic buckling stresses and shear yield stress. The shear strength of the corrugated plates, τ cr,Int , is defined as follows:
where τ cr,L and τ cr,G represent the elastic local and global shear buckling stress, respectively, and are calculated assuming simply supported boundary conditions; n = 2 is recommended as the value of exponent n for trapezoidally corrugated webs.
FULL-SCALE SHEAR BUCKLING TEST AND ANALYSIS
To study the different shear buckling modes and propose a shear strength formula, full-scale buckling tests were carried out using simply supported girder specimens with corrugated webs. The web height of the specimens varied from 1.5 to 2.0 m and the length of the specimens also varied from 6.0 to 8.0 m. Point loads were applied at midspan of the specimens so that the web panel was under constant shear stress. Nine specimens were designed and tested: four global buckling specimens, three local buckling specimens, and two interactive buckling specimens. The local buckling stress of the local buckling specimens was smaller than the global buckling stress, which was equal to the shear yield stress. On the contrary, the global buckling specimens were designed to fail by global buckling. Interactive buckling specimens were designed to have almost equal local and global buckling stresses, which were less than the shear yield stress.
Test Specimens
The local and global buckling stresses of the specimens were calculated using Equation 5 assuming simply supported boundaries (k L = 5.34, k G = 36). The interactive buckling stresses were determined with Equation 6. The yield stress and ultimate tensile strength of the corrugated steel webs were 250 and 351 MPa, respectively. Higher-strength thick steel plates were used as top and bottom flanges to prevent premature flange local buckling. After design, specimens were fabricated at the shop; some specimens were found to have imperfections and irregular corrugation dimensions due to lack of experience in the shop. Imperfections were more pronounced for the global buckling and interactive buckling specimens because of the dense corrugations and small corrugation depth. The theoretical buckling stresses of the specimens were recalculated using the measured average corrugation depth and measured thickness. Table 1 lists the physical dimensions and calculated buckling stresses for the specimens. Local buckling specimens (L1, L2, L3, and L4) examined inelastic local buckling stresses and the effects of corrugation depth on local buckling. The theoretical local buckling stresses of the L1 and L2 specimens are equal to those of the L3 and L4 specimens, respectively, even though they have different corrugation depth-to-thickness ratios, d/t w . Although the corrugation depth has no effect on the theoretical local buckling stress of the corrugated web, an earlier study showed that the corrugated depth-to-thickness ratio should be >10 to obtain the desired local buckling strength (9) . The global buckling specimens (G1, G2, and G3) featured different ratios of global to local buckling stress and the effects of stress ratios on the global buckling coefficient, k G , were studied. In the interactive buckling specimens (I1 and I2) the interactive buckling mode and the reduction of buckling stresses due to the interaction of local and global buckling were studied. Specimen I1 has almost equal local and global buckling stresses. Specimen I2 was also designed to have similar global and local buckling stresses but, because of fabrication errors, the global buckling stress was lower than the local buckling stress.
Test Setup
The tests were performed with a 9,800-kN (1,000-ton) universal testing machine (UTM). Load was applied as a two-point loading at the center of the simple beam as indicated in Figure 3 . To prevent bearing failure of the web due to the concentrated loads, bearing stiffeners were attached at the supports and the loading points. Two lateral braces were also placed to prevent sudden lateral movements and torsion of the specimens.
To measure strain and displacement changes in the specimens, a number of strain gauges and linear variable displacement transformers (LVDT) were attached to the specimens as indicated in Figure 4 . Four uniaxial strain gauges were attached to the top and bottom flanges and measured bending strain to check accordion effects. Sixteen rosette strain gauges attached to the web panel measured shear strain. Vertical displacements at midspan and out-of-plane displacements of the web panel were also measured with LVDTs.
Test Results
The deformed shapes of some specimens at the end of testing are presented in Figures 5-8 . The local buckling specimens failed by two different buckling modes. Buckling of the L1 and L2 specimens, as indicated in Figure 5 , initiated at a panel and then deformation propagated to neighboring panels. The webs of the L3 and L4 specimens failed under a global buckling mode as indicated in Figure 6 , even though local buckling stresses were theoretically lower than global buckling stresses. Buckling stresses for each specimen were determined by using load versus displacement and load versus shear strain relationships. The shear stress versus vertical displacement curves for selected local, global, and interactive buckling specimens are presented in Figure 9 . It was observed that, regardless of the buckling mode, the shear stress increased almost linearly until the peak stress was reached. After reaching the peak stress, the stress rapidly dropped and displacements rapidly increased. This peak stress was taken as the buckling stress of the specimen. A similar trend is also observed in the shear stress versus out-of-plane displacement and shear stress versus shear strain curves. Buckling stresses determined from the three curves almost corresponded to each other. The experimental buckling stresses τ cr,E for each specimen are summarized in Table 2 .
The L1 and L2 specimens buckled at higher experimental buckling stresses than theoretical values, whereas the buckling stresses of the L3 and L4 specimens were lower than the theoretical buckling stresses. As indicated in Table 1 , the L3 specimen theoretically has the same local buckling stress as the L1 specimen. Specimens L4 and L2 also have the same theoretical local buckling stress. However, the L1 and L2 specimens buckled at higher stresses than the L3 and L4 specimens, respectively. This illustrates the effect of the corrugation depth-to-thickness ratio (d /t w ) on the local buckling strength because the only difference between the L1 and L3 specimens was the d /t w ratio. Gil et al. (9) stated that corrugated webs with low d/t w ratios (≤10) could fail by unexpected global buckling, even though the local buckling stress is theoretically lower than the global buckling stress. The corrugated webs of global buckling specimens failed, as indicated in Figure 7 . The deformed shape with a diagonal buckle is similar to that of the web of a plate girder. The G2 and G3 specimens yielded much higher global buckling stresses than the theoretical values. The G1 specimen was designed to have a higher global buckling stress than the G3 specimen; however, the opposite occurred. The G3 specimen had the highest buckling stress, which was about 1.6 times higher than the theoretical buckling stress. Table 3 indicates that the ratio of actual to theoretical buckling stress increases as a function of the global to local buckling stress ratios. A study on elastic buckling of corrugated webs (9) showed that, as the ratio of global to local buckling stress increased, the ratio of analytical to theoretical buckling stress also increased and became close to 1.9. The ratio of 1.9 is the same as the global buckling stress ratio for clamped to simply supported corrugated webs. This indicates that the boundary condition at the flange-web juncture becomes close to the clamped condition if the ratio of global to local buckling stress is high.
The interactive buckling specimens buckled in a mode that was neither a global nor a local buckling mode. A few folds of the web initially buckled and the web formed diagonal buckles at the end as indicated in Figure 8 . The experimental buckling stress of the I1 specimen was much higher than the theoretical value and close to the shear yield stress. The I2 specimen also had a higher experimental buckling stress. During unloading of the I1specimen, noise was heard from friction between the top flange of the girder and the bracing. It turned out that the specimen was slanted and touched the bracing frame during the loading process. This appeared to cause the exceptional increase of the buckling stress of the I1 specimen.
Finite Element Analysis
To verify the test results and compare them with the theoretical buckling stresses, a nonlinear buckling analysis was carried out with the commercial finite element program ABAQUS. In a nonlinear buckling analysis, the maximum load is defined as the buckling load. The eight-node isoparametric shell element of ABAQUS was used to model the corrugated web and flanges as well as the bearing stiffeners. The measured dimensions of the specimens given in Table 1 were used to create finite element models of the test specimens. The stress-strain relationship obtained from tensile coupon tests was modeled using the multilinear isotropic hardening rule. A von Mises yield criterion with associated flow rule was used to model the inelastic behavior. Initial imperfections were not considered in the analysis.
The deformed shapes obtained from the nonlinear buckling analysis were in relatively good agreement with those of the actual specimens. The buckling stresses from the analysis, τ cr,A , are compared with theoretical and experimental values in Table 2 , which shows that the results of the nonlinear analysis agreed more closely with the experimental results than the theoretical values. Except for the I1 specimen, the difference between the experimental and analytical results was less than 10%. The analytical buckling stresses of the L1 and L2 specimens were a little higher than the theoretical local buckling stresses, whereas those of the L3 and L4 specimens were lower than theoretical values. The finite element models of the G2 and G3 specimens buckled at the same buckling stress, which was higher than that of the G1 specimen. The buckling stresses of the G2 and G3 specimens were also substantially higher than the theoretical global buckling stresses. The I1 specimen showed the most difference between the analytical and experimental buckling stresses due to the friction between the top flange and the bracing during the test. The analytical buckling stress of the I2 specimen was also higher than the theoretical interactive buckling stresses. The analytical results indicated that the test results are generally valid, except for the I1 specimen.
COMPARISON OF BUCKLING FORMULAS AND TEST RESULTS
Full-scale test results from this study, Abbas et al. (6) , and Yamazaki (5) are compared with the buckling stresses calculated using the proposed design formulas for shear buckling. Abbas et al. (6) and Yamazaki (5) tested the steel girder specimens with corrugated web plates. Abbas et al.'s specimens-G7A and G8A-were designed to reach local and global shear yield strength. Yamazaki's specimens-C150, C75, C50, and C40-failed by global buckling. The design formulas used in France and Japan and the ones suggested by El-Metwally (11) and Abbas et al. (6) are used to calculate buckling stresses.
Test results and predicted buckling stresses are compared in Table 3 . The buckling formulas used in France turned out to be the most conservative and predicted lower buckling stresses than the test results in every specimen. El-Metwally's (11) and Abbas et al.'s (6) buckling formulas provided a conservative estimate of the buckling strength, except for the L3 and L4 specimens. The formulas used in Japan predicted the highest buckling stresses and were found to be a little bit unconservative for some specimens. The comparison of buckling formulas and test results also showed that most formulas overestimated the buckling stresses of the L3 and L4 specimens, which were designed to fail by a local buckling mode but failed under a global buckling mode. Of four buckling formulas, Abbas et al.'s proposed formula, Equation 7 , is found to provide the best estimate of the buckling stresses regardless of the buckling modes. However, Equation 7 substantially underestimated the shear strength of some of the global buckling specimens that have a large ratio of global to local buckling stress.
CONCLUSIONS
Full-scale buckling tests and nonlinear buckling analyses were carried out to study the shear buckling behavior of corrugated webs and to suggest a shear buckling formula for corrugated plates. The corrugated plates can buckle by three different buckling modes and the corruga- 
TABLE 3 Comparison of Buckling Formulas and Test Results
tion profiles strongly affect the buckling mode as well as the buckling strength. The following conclusions are drawn from this study.
1. The test results and nonlinear buckling analysis results showed that corrugated webs could fail by three different buckling modes. The geometric parameters of the corrugated webs determine the governing buckling mode and buckling strength.
2. The local buckling strength of the corrugated plate is affected by the boundary conditions and the aspect ratio of the subpanel as well as the corrugation depth-to-thickness ratio. The corrugation depth-to-thickness ratios affected the local buckling strength, even though it should have had no effect on the local buckling strength. If the ratio of the corrugation depth to web thickness was about 10, the plate buckled in an unexpected global buckling mode and the buckling stress was less than the local buckling strength.
3. The comparison of different buckling formulas with test results showed that the buckling formula of Abbas et al. conservatively estimated the shear buckling strength of the corrugated plate regardless of the buckling modes, with the one significant exception noted previously. This formula can be used effectively in the design of girders with corrugated webs.
